Osteoarthritis is a joint disease involved in articular cartilage, subchondral bone, meniscus and synovial membrane. This study sought to examine cartilage degeneration, subchondral bone mineral density (BMD) and meniscal mineral density (MD) in male Hartley, female Hartley and female strain 13 guinea pigs to determine the association of cartilage degeneration with subchondral BMD and meniscal MD. Cartilage degeneration, subchondral BMD and meniscal MD in 12 months old guinea pigs were examined with histochemistry, X-ray densitometry and calcium analysis. We found that male Hartley guinea pigs had more severe cartilage degeneration, subchondral BMD and meniscal MD than female Hartley guinea pigs, but not female strain 13 guinea pigs. Female strain 13 guinea pigs had more severe cartilage degeneration and higher subchondral BMD, but not meniscal MD, than female Hartley guinea pigs. These findings indicate that higher subchondral BMD, not meniscal MD, is associated with more severe cartilage degeneration in the guinea pigs and suggest that abnormal subchondral BMD may be a therapeutic target for OA treatment. These findings also indicate that the pathogenesis of OA in the male guinea pigs and female guinea pigs are different. Female strain 13 guinea pig may be used to study female gender-specific pathogenesis of OA.
INTRODUCTION
Osteoarthritis (OA) is a degenerative disease of articular joints characterized by focal areas of cartilage degeneration, meniscal abnormalities and bony changes. It is now well accepted that OA is not merely an articular cartilage disease, but a disease of the whole joint. An important local factor that may play a role in OA is the biochemical or biomechanical property of subchondral bone. Clinical examinations found that subchondral bone in OA patients were abnormal [1, 2] . Subchondral bone mineral density (BMD) was substantially higher in OA patients compared to control subjects and high subchondral BMD was associated with cartilage defects, joint space narrowing, subchondral sclerosis, osteophytes and meniscal damages [3] [4] [5] [6] [7] . In addition, laboratory studies found that explants and primary cultured osteoblasts derived from bone tissues of OA patients secreted high level of urokinase plasminogen activator, a serine protease capable of degrading the cartilage [8, 9] . All these findings indicate that abnormal biochemical and biomechanical alterations in the subchondral bone of OA patients may play an important role in the development and/or progression of OA.
Another important local factor that may play a role in OA is the structural integrity or biochemical property of knee menisci. Studies found that meniscal degeneration was a general feature of knee OA and contributed to joint space narrowing [10, 11] . Meniscal lesions at baseline were more common in knees that developed OA than in knees that did not developed OA [12] . OA meniscal cells displayed a distinct gene expression profile different from normal meniscal cells [13] . The involvement of knee menisci in the development or progression of OA has also been highlighted by several findings that meniscal extrusion, vascular penetration and calcification were associated with severe cartilage lesions in patients with OA [14] [15] [16] [17] .
Because the whole joint is affected in OA, identification of the changes in the subchondral bone and knee menisci in addition to the articular cartilage may not only provide information valuable for a better understanding the pathogenesis of OA but also valuable for the development of tissue-specific disease modifying drugs for OA therapy. Hartley guinea pigs develop OA spontaneously. Articular cartilage in Hartley guinea pigs exhibits progressive degenerative changes that closely resemble human OA, including articular cartilage surface fibrillation, proteoglycan loss and osteophyte formation. Therefore, Hartley guinea pigs have been widely used to study the pathogenesis of OA and test disease modifying drugs. Previous studies found that male Hartley guinea pigs displayed severer cartilage degeneration than male strain 13 guinea pigs and that subchondral bone density and meniscal ossification in male Hartley guinea pigs were associated with cartilage degeneration, suggesting that abnormal subchondral bone metabolisms and abnormal meniscal ossification may play a role in the development or progression of OA in the Hartley guinea pigs [18, 19] .
However, no studies have examined and compared the subchondral BMD and meniscal mineral density (MD) in the male Hartley guinea pigs and female Hartley guinea pigs although it is known that female Hartley guinea pigs have less severe cartilage degeneration than male Hartley guinea pigs [20] . In addition, no studies have examined and compared cartilage degeneration, subchondral BMD and meniscal MD in female Hartley guinea pigs and female strain 13 guinea pigs. In this study, we examined articular cartilage degeneration, subchondral BMD and meniscal MD in these guinea pigs to test the hypothesis that abnormal subchondral BMD or meniscal MD is associated with more severe cartilage degeneration. The information obtained from this study not only may be important for a better understanding of the pathogenesis of OA but also important for the development of tissue-specific disease modifying drugs for OA therapy.
MATERIALS AND METHODOLOGY

Animals
Male (n = 5) and female (n = 5) Hartley guinea pigs of 2 months old were obtained from Charles River Laboratories (Wilmington, MA). Female strain 13 guinea pigs (n = 10) of 2 months old were obtained from Army Research Laboratory (Adelphi, MD). Animals were individually housed in 29 x 21 x 10 inch solid bottom cages. Guinea pig chow (No. 5025; Ralston Purina, Richmond, Indiana) and water were available ad libitum. By 12 months of age these guinea pigs were anaesthetized with 5% isoflurane (Isofluran, Baxter, Deerfield, IL) inhalation and euthanized by administration of 300 mg/kg Euthasol (Virbac Animal Health, Ft. Worth, Texas) intraperitoneally. Hind limbs were collected and knee joints were dissected for examinations. This study was conducted according to the guidelines set forth by the Institutional Animal Care & Use Committee of Carolinas Medical Center, which reviewed and approved the protocol.
Gross, Macroscopic and Histological Examinations
Knee joints were dissected to separate femur, menisci and tibia. Tibia plateaus was first stained with India ink as described [21] . Digital images of India ink stained tibia plateaus were taken and observed macroscopically. The tibia plateaus were then fixed in neutral buffered 4% paraformaldehyde for two days and decalcified in Cal-Ex II solution (Fisher Scientific, Fairlawn, NJ) for five days. The decalcified tibia plateaus were cut sagittally to separate the medial and lateral tibia plateaus. The medial tibia plateau was cut again sagittally to remove portion of the plateau that was originally covered with meniscus. The resulting specimens were embedded in paraffin and sectioned with a Leica RM2025 microtome (Nussloch, Germany) to obtain 4 µm sections. Three non-consecutive sections per knee, obtained at 300 µm intervals, were stained with safranin O and counter stained with fast green. These stained sections were photographed (4X magnification) using OPTIHHOT-2 microscope equipped with a digital camera (Nikon, Japan). Histologic scoring of these sections was performed according to Mankin criteria with modifications [18] . For each guinea pig, the final histologic score for the medial plateau cartilage was calculated as the mean of histologic score of 3 non-consecutive sections. Osteophytes, cellularity and the integrity of the tidemark were not included in the assessment because the incidence of osteophytes, cartilage cellularity and the integrity of tide mark were not observed to differ significantly between these guinea pigs.
Subchondral BMD and Meniscal MD
Measurements of subchondral BMD (g/cm 2 ) were made with a Lunar PIXImus X-ray bone densitometer (GE Lunar, Madison, WI). The instrument was calibrated before each scanning session using a Phantom with known BMD according to the manufacturer's guidelines. Each tibia plateau was placed on the scanning surface at the same position and orientation, and scanned using software version 2.10.013 to determine subchondral BMD. An area of same size at same location of the subchondral bone (2 mm x 1 mm) in each medial tibia plateau immediately under the articular cartilage was assessed. Acquisition time per scan was approximately 5 minutes. Three repeated measurements were performed and the mean of 3 measurements was calculated. Similarly, each medial meniscus was placed on the scanning surface at the same position and orientation, and scanned to determine meniscal MD.
Meniscal Calcium Content
Meniscal calcium content was determined using atomic absorption spectrophometry following the procedure described [22] . Briefly, medial meniscus was placed in a tarred fused silica crucible, weighed, dried at 110°C, and ashed for 24 hours at 650°C. The ash was dissolved in 1 ml concentrated HCl, diluted, and assayed for calcium. Two blank crucibles were included in each assay.
Statistical Analyses
Data were presented as mean ± standard deviation. The difference in histologic scores between 2 groups was analyzed using Wilcoxon rank-sum test. The difference in subchondral BMD, meniscal MD and meniscal calcium content between two groups was analyzed using Student's T test. In all cases, p < 0.05 was considered significant. Statistical analysis was performed using SAS ® software, version 9.3 (SAS Institute Inc., Cary, NC).
RESULTS
Gross, Macroscopic and Histological Examinations
Representative images of Indian ink-stained tibia plateaus were shown in Fig. (1) . It was clear that severe articular cartilage degeneration occurred in the medial tibia plateaus but not in the lateral tibia plateaus, and that cartilage degeneration was mainly occurred in the central part of the medial tibia plateaus (arrows). Male Hartley guinea pigs and female strain 13 guinea pigs appeared to having more severe cartilage degeneration than the age-matched female Hartley guinea pigs.
Representative safranin O-stained sections of medial tibia plateaus of 3 male Hartley guinea pigs, female Hartley guinea pigs and 3 female strain 13 guinea pigs were provided in Fig. (2) . Consistent with the gross appearances of the medial tibia plateaus shown in Fig. (1) , male Hartley guinea pigs and female strain 13 guinea pigs displayed more severe articular surface fibrillation and cartilage clefts than the aged-matched female Hartley guinea pigs. In the male Hartley guinea pigs, cartilage clefts extended into the middle and deep zones of articular cartilage while in female Hartley guinea pigs, cartilage clefts only occurred in the superficial zone. Male Hartley guinea pigs also displayed more severe proteoglycan loss (loss of safranin-O staining) than the agedmatched female Hartley guinea pigs. In the male Hartley guinea-pigs, proteoglycan loss occurred across all the 4 zones (superficial, middle, deep and calcified zones) whereas in female Hartley guinea pigs, proteoglycan loss occurred mainly in the superficial zone, and in some cases, in the middle zone. Similar to the male Hartley guinea pigs, cartilage clefts extended into middle and deep zones, and proteoglycan loss occurred in all 4 zones in the female strain 13 guinea pigs.
The mean histologic scores of medial tibia plateau cartilage in male Hartley guinea pigs, female Hartley guinea pigs and female strain 13 guinea pigs were determined and presented in Fig. (3) . As shown, both the histologic scores of the medial tibia plateau cartilage in the male Hartley guinea . (1) . Representative images of Indian ink stained tibia plateaus (magnification 5X). Indian ink stained tibia plateau of a male Hartley guinea pig (Male H), a female Hartley guinea pig (Female H) and a female strain 13 guinea pig (Female S-13). Arrows -central part of medial tibia plateau that was not covered with meniscus.
pigs (=8.70) and female strain 13 guinea pigs (=7.05) were higher than the histologic score of the medial tibia plateau cartilage in the female Hartley guinea pigs (=4.70). The differences in the histologic scores between the male Hartley guinea pigs and female Hartley guinea pigs was statistically significant (p = 0.016). The differences in the histologic scores between the female strain 13 guinea pigs and female Hartley guinea pigs was also statistically significant (p = 0.018). Although the histological score of the medial tibia plateau cartilage in the male Hartley guinea pigs was higher than that in female strain 13 guinea pigs, the difference did not reach to significance (p = 0.379). 
Subchondral BMD
Subchondral BMD in male Hartley, female Hartley and female strain 13 guinea-pigs were determined and the results were presented in Fig. (4) . As shown, the subchondral BMD in male Hartley guinea pigs (= 0.3223 g/cm 2 ) and female strain 13 guinea pigs (= 0.3113 g/cm 2 ) were similar, and both were higher than the subchondral BMD in female Hartley guinea pigs (= 0.2881 g/cm 2 ). The difference in the subchondral BMD between male Hartley and female Hartley guinea pigs was significant (P = 0.036). The difference in the subchondral BMD between female strain 13 and female Hartley guinea pigs was also statistically significant (p = 0.049). Although the subchondral BMD in the male Hartley guinea pigs was higher than that in the female strain 13 guinea pigs, the difference did not reach to significance (p = 0.221).
Meniscal MD
Meniscal MD in male Hartley, female Hartley and female strain 13 guinea-pigs were determined and the results were presented in Fig. (5) . As shown, the mean meniscal MD in the female Hartley guinea pigs (= 0.353 g/cm 2 ) and female strain 13 guinea pigs (= 0.345 g/cm 2 ) were similar, and both were lower than the mean meniscal MD in the male Hartley guinea pigs (= 0.442 g/cm 2 ). The difference in the meniscal MD between female Hartley and male Hartley guinea pigs was statistically significant (p = 0.019). The difference in the meniscal MD between female strain 13 and male Hartley guinea pigs was also statistically significant (p = 0.001). 
Meniscal Calcium Content
We performed chemical analysis to determine and compare the calcium content in the medial meniscus of all these guinea pigs and the results are presented in Fig. (6) . Consistent with the results obtained with X-ray densitometry, the meniscal calcium content in female Hartley guinea pigs (= 1.3172 mg/meniscus) and female strain 13 guinea pigs (= 1.3347 mg/meniscus) were similar, and both were lower than the meniscal calcium content in the male Hartley guinea pigs (= 1.511 mg/meniscus) although these differences did not reach statistical significance due to large variations in each individual calcium measurement. 
DISCUSSION
We demonstrate that not only the male Hartley guinea pigs, female strain 13 guinea pigs also display more severe cartilage degeneration than female Hartley guinea pigs. It was believed that the less severe cartilage degeneration in female Hartley guinea pigs compared to male Hartley guinea pigs was due to body weight difference [20] . Male Hartley guinea pigs by 12 months of age have a body weight between 1000 grams and 1300 grams whereas female Hartley guinea pigs by 12 months of age have a body weight between 900 grams and 1150 grams. However, the fact that female strain 13 guinea pigs, which have a smaller body weight (between 700 grams and 920 grams) (Fig. 7) , display more severe cartilage degeneration than the age-matched female Hartley guinea pigs indicates that body weight is not a key determining factor to the development and/or progression of OA in these guinea pigs. Our finding doesn't exclude that body weight may play a role in OA severity. We found that the histologic score of cartilage degeneration and subchondral BMD in male Hartley guinea pigs were significantly higher than those in female Hartley guinea pigs. To the best of our knowledge, this is the first study to report that male Hartley guinea pigs have higher subchondral BMD than the female Hartley guinea pigs, which displayed less severe OA compared to male Hartley guinea pigs. We also found both the histologic score of cartilage degeneration and subchondral BMD in female strain 13 guinea pigs were significantly higher than those in female Hartley guinea pigs. This positive association between cartilage degeneration and subchondral BMD provides support for the notion that subchondral bone may play a role in the development and/or progression of OA and is potentially a key target for OA therapy [23] . The changes in subchondral BMD may affect the biomechanical properties of the subchondral bone and result in a loss of subchondral bone shock adsorbing capacity [24] . The changes in subchondral BMD may also affect the cytokines and growth factors produced in the subchondral bone, which may seep through the subchondral bone-cartilage interface and promote cartilage breakdown [25] .
Most previous studies suggest that high subchondral BMD may play a pathological role in the development and/or progression of OA, however, a couple of studies found that high subchondral BMD decreased the risk of progression of radiographic OA and protected cartilage against degeneration [26, 27] . These contradicting findings indicate OA is a heterogeneous disease. A subset of OA patients with high subchondral BMD may benefit from treatment with bone acting anti-mineralization agents and a subset of OA patients may benefit from treatment with boneacting anti-resorptive agents. The guinea pig model of OA is a useful model for testing the effects of small molecules that inhibit (or promote) subchondral bone mineralization on the development and/or progression of OA.
Meniscal ossification increases with age and correlates with articular damages in male Hartley guinea pigs [19] . In this study, we found that both the histologic score of cartilage degeneration and meniscal MD in male Hartley guinea pigs were higher than those in female Hartley guinea pigs. These findings suggest that abnormal meniscal ossification may play a role in OA in the Hartley guinea pigs. However, the finding that female strain 13 and female Hartley guinea pigs had similar meniscal MD contradicts with the notion that abnormal meniscal ossification plays a role in OA. It is worth noting that Walton found that two closely related strains of mice, STR/ORT and CBA/ORT, both displayed meniscal ossification, but only STR/ORT mice developed OA [28] . The finding presented in this study together with the previous findings [28] indicate that the role of meniscal ossification in animal OA is more complex, and may be strain-specific or gender-dependent. Nevertheless, meniscal ossification does not appear to be a parameter of paramount importance in the pathogenesis of OA in these guinea pigs. Guinea pig model of OA may be not a good model for the study of the role of meniscal ossification in OA [17, 29] .
CONCLUSION
Higher subchondral BMD, but not meniscal MD, is associated with more severe cartilage degeneration in guinea pigs, suggesting that abnormal subchondral bone 
